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CHLORINE IS A WIDELY USED industrial chemical and is one the top ten chemicals produced by gross weight (9) . Chlorine gas is considered a chemical threat agent and is a highly toxic respiratory irritant that when inhaled causes cellular injury, alveolar-capillary barrier disruption, inflammation, pulmonary edema, and, at very high levels of exposure, death (9, 21, 39, 44) . Human exposure to chlorine has occurred from both intentional and accidental releases of chlorine (9, 17, 33, 41, 43) . Humans exposed to high levels of chlorine develop acute lung injury, but most individuals recover from these acute effects (17, 43) . However, additional follow-up studies suggest the existence of a subset of exposed individuals who experience chronic impairment of pulmonary function, which may include airway hyperreactivity, airway obstruction, or decreased residual volumes (1, 18, 23, 33) . Long-term effects of chlorine inhalation have been studied in the context of acute irritant-induced asthma (2, 23) . Patients who developed irritant-induced asthma as a result of chemical exposure (most commonly chlorine) had evidence of airway obstruction, fibrosis, and hyperreactivity (1, 4, 11, 37) .
Because of the sporadic nature of accidental exposures, mechanistic information on airway disease caused by acute chlorine exposure in humans is difficult to obtain. Animal models in which exposure conditions and analysis of lung pathology are carefully controlled can be a useful adjunct in this regard. Previous studies have shown that chlorine inhalation in mice results in lung injury characterized by epithelial cell death, pulmonary edema, neutrophilic inflammation, and impaired lung function during the acute phase (24, 35, 39) . Pathological changes during subacute and chronic phases of chlorine-induced lung injury have not been fully characterized. In the present study, mice from inbred strains exhibiting differential responses to chlorine-induced lung injury were exposed to a single high dose of chlorine. Airway injury and subsequent repair and remodeling were investigated by analyzing pulmonary function, histology, and markers for epithelial cell types at multiple times after exposure.
MATERIALS AND METHODS
Mice. Eight-week-old male FVB/NJ and A/J mice were obtained from the Jackson Laboratory. Mice were housed for 1-2 wk and were then randomly assigned to chlorine-exposed or unexposed groups. All experiments involving animals were approved by the University of Louisville Institutional Animal Care and Use Committee and were performed in accordance with the Institute of Laboratory Animal Resources Guide for the Care and Use of Laboratory Animals (16) .
Chlorine exposure. Mice (9 -10 wk of age) were exposed to a target dose of 240 ppm-h chlorine (240 ppm for 1 h) followed by a 10-min period of airflow to purge the chamber before opening as described in our previous publications (13, 14, 39) . The mean deviation between the target dose and actual values was 3.6%. This concentration of chlorine gas was chosen since our previous study showed that it resulted in acute lung injury with extensive damage to airway epithelium in FVB/NJ mice but with low acute mortality (39) .
Pulmonary function and airway reactivity to methacholine. Pulmonary function and airway reactivity to methacholine were measured by forced oscillation by using a FlexiVent system (SCIREQ, Montreal, Quebec, Canada) as described (5, 13) .
Lung tissue preparation. Lung tissues were collected at multiple times after chlorine exposure. Following euthanasia the chest was opened and lungs were fixed with 10% neutral buffered formalin at a constant pressure of 25 cm water for 10 min at room temperature. Then the lungs were removed and fixed in 10% neutral buffered formalin overnight at 4°C. The left lung and the superior, middle, and inferior lobes of the right lung were excised and embedded in paraffin. Initial studies revealed that the large intrapulmonary airways were the sites of inefficient epithelial repair and the development of airway fibrosis in FVB/NJ mice; therefore, in subsequent analysis, lobes were oriented during embedding to produce cross sections of the main lobar bronchi.
Reticulin staining. Reticulin staining was used to assess the integrity of the epithelial basement membrane after chlorine exposure according to Gordon and Sweet's staining protocol (silver impregnation technique) with minor modifications. Tissues were deparaffinized with xylene and taken through alcohol to water followed by oxidation in acidified 0.5% potassium permanganate for 3 min. After decolorization with 2% oxalic acid for 1 min and mordanting in 4% iron alum for 10 min, tissues were impregnated in ammoniacal silver solution for 11 s, rinsed quickly in distilled water, then immediately reduced with 10% aqueous formalin for 2 min followed by washing in running tap water for 2 min. Sections were incubated with 0.2% gold chloride for 2 min, fixed with 2% aqueous sodium thiosulfate for 2 min, and counterstained with 0.1% toluidine blue for 3 min. After dehydrating quickly through 95% ethanol and two changes of 100% ethanol, slides were cleared in xylene and mounted.
Trichrome staining. Accustain Trichrome stain (Masson) kit (SigmaAldrich, St. Louis, MO) was used according to the manufacturer's instructions with minor modifications. Lung tissues were deparaffinized and mordanted in Bouin's solution (Sigma-Aldrich) at room temperature overnight to intensify the final coloration. After being washed in running tap water to remove the yellow color from sections, tissues were stained in working Weigert's iron hematoxylin solution (Sigma-Aldrich) for 2 min. After the washing, tissues were stained in Biebrich scarlet-acid fuchsin for 2 min. After rinsing with deionized water, slides were treated with working phosphotungstic/phosphomolybdic acid solution for 10 min, followed by staining in aniline blue solution for 10 min. After briefly being rinsed in 1% acetic acid and water, slides were dehydrated through alcohol, cleared in xylene, and mounted.
Hydroxyproline assay. To estimate the changes of total amount of collagen in the lungs after chlorine exposure, hydroxyproline content in mouse left lungs was measured based on published methods (22, 45) . Tissues were hydrolyzed in 1 ml of 6 N HCl at 100°C overnight. After cooling to room temperature, 200 l of hydrolysate was transferred to a 1.5-ml test tube and neutralized with 6 N NaOH to approximately pH 6. Water was added to a total volume of 600 l. Aliquots of the samples (25 l) were mixed with 275 l of 0.001 N HCl. Then 375 l of 3% chloramine T (Sigma-Aldrich, St. Louis, MO) and 50% isopropanol in 0.5 M sodium acetate (pH 6.0) were added and incubated at room temperature for 20 min, followed by the addition of 75 l of perchloric acid (Sigma) and further incubation at room temperature for 5 min. Next 250 l of Ehrlich's reagent (5% 4-dimethylaminobenzaldehyde in methanol) was added and allowed to incubate at 60°C for 20 min. Absorbance was measured at 560 nm, and the amount of hydroxyproline was determined against a standard curve generated by using known concentrations of hydroxyproline (Sigma-Aldrich).
Lavage fluid cell counts. Lung lavage and counting of cells in lavage fluid were performed as described previously (39) .
EdU and immunofluorescent staining. Mice were treated with 5-ethynyl-2=-deoxyuridine (EdU) (32) at 10 mg/kg ip 17 h before euthanasia. Dual staining for EdU and epithelial cell markers was performed. Sections were deparaffinized, rehydrated, rinsed in PBS, and treated for antigen retrieval (10 mM sodium citrate, pH 6.0, containing 0.05% Tween-20 at 95°C for 30 min) for those antibodies that required this [keratin 5 (K5) and keratin 14 (K14)]. Proliferating cells were visualized by EdU staining using Click-iT EdU Imaging Kits (Invitrogen, Eugene, OR). Tissue sections were permeabilized in 0.5% Triton X-100 for 20 min followed by incubation in Click-iT reaction cocktail for 30 min at room temperature. One milliliter of Click-iT reaction cocktail contains 860 l of 1 ϫ Click-iT reaction buffer, 40 l of 100 mM CuSO4, 2. Morphometric analysis. The extent of chlorine-induced fibroproliferative lesions, the expression of CCSP, AcTub, K5, and K14, and the volume of EdU-stained nuclei in the epithelium of lobar bronchi of FVB/NJ and A/J mice were quantified by morphometric analysis by point/intercept counting methods (15) . Images containing the entire circumference of cross sections of lobar bronchi from the left lung and the inferior lobe of the right lung were captured and analyzed with ImageJ software (http://rsbweb.nih.gov/ij/). Data from the two airways was combined to generate a single value for each parameter per mouse. The volume of specific structures of interest (i) relative to airway lumen (al) surface area was calculated by using the equation
where Pi is the number of points overlying the structure of interest, k is the line length per test point, and Ial is the number of intersections of test lines with the airway lumen (15, 42) . To determine the volume of subepithelial tissue in airways, images captured from trichrome-stained sections were used. To determine the volume of EdU-stained nuclei, the numbers of points that fell on EdU-labeled nuclei within the epithelium were counted. To evaluate the expression of CCSP and AcTub in the epithelium, the number of points overlying the immunofluorescent-positive staining was counted, whereas for K5 and K14 the number of points overlying both positive staining and the surrounded unstained nuclei was counted. Therefore, for CCSP and AcTub, only the volume of staining was measured, whereas for K5 and K14, the volume of expressing cells was measured. For EdU-labeled and immunostained slides, staining of interest was assessed in viable bronchial epithelium; staining in subepithelial tissue and in detached epithelial cells was not included in the analysis.
Data analysis. Data were expressed as means Ϯ SE. Methacholine dose-response curves were analyzed by repeated-measures ANOVA. Data from other experiments were analyzed by ANOVA with Bonferroni correction for multiple comparisons (GraphPad Prism, GraphPad Software, La Jolla, CA). If necessary, transformation (logarithmic or square root) of data was used to achieve normally distributed data. The criterion for statistical significance was set at P Ͻ 0.05.
RESULTS

Effects of chlorine inhalation on lung function and survival.
Initially lung function was measured in FVB/NJ mice at days 1, 4, 7, 10 , and 14 after exposure to 240 ppm-h chlorine. The results showed that chlorine inhalation caused significantly increased baseline respiratory system resistance and airway hyperreactivity to methacholine in FVB/NJ mice one day after exposure (Fig. 1 ). Lung function improved by day 4 after exposure but was worse at day 7 and later times. Deaths of some chlorine-exposed animals were observed during an acute period after exposure and then during a second, delayed period 8 -10 days after exposure. The elimination of these presumably more severely affected animals from the analysis possibly explains the apparent decrease in airway reactivity between days 7 and 10. No animals died between the measurements on days 4 and 7, indicating that the graphs accurately represent the increase in airway reactivity in the cohort during this time. Because previously published results indicated a different time course of airway hyperreactivity in chlorine-exposed A/J mice (40), we performed simultaneous exposures of FVB/NJ and A/J mice to determine whether they exhibited differential responses to chlorine inhalation. Chlorine exposure resulted in airway hyperreactivity in FVB/NJ mice, but not A/J mice, at day 7 after exposure ( Fig. 2) .
Histopathological changes in the bronchi of chlorine-exposed mice. Initial histological analysis of FVB/NJ mice 7, 10, and 14 days after exposure revealed airway fibrosis localized to the distal trachea, main stem bronchi, lobar bronchi, and larger segmental airways (not shown). In some cases the development of fibrosis produced occlusion of the airways that was sufficient to prevent one or more lobes from inflating with fixative. In subsequent experiments comparing FVB/NJ and A/J mice, histological analysis was targeted to the lobar bronchi because fibrotic lesions were most pronounced and developed most reproducibly at these sites (Fig. 3) . Bronchial epithelium appeared similar in unexposed FVB/NJ and A/J mice (Fig. 3, A and B). After chlorine exposure, severe injury to the airway with massive sloughing of the epithelium was observed 1 day after exposure in both FVB/NJ and A/J mice (Fig. 3, C and D) . In most bronchi of FVB/NJ mice, nearly complete loss of the epithelium was observed (Fig. 3C) . The bronchi of A/J mice also showed detachment of most epithelial cells, but in these mice a thin layer of flattened epithelial cells could be observed still attached to the basement membrane (Fig. 3D) . In FVB/NJ mice 4 days after exposure, epithelial debris and inflammatory cells such as neutrophils and macrophages were observed in the airway lumen ( Fig. 3E ). At day 4 in A/J mice, a transitional regenerating epithelium was present, consisting primarily of cuboidal cells that were typically two layers thick (Fig. 3F) . At day 7 after chlorine exposure, FVB/NJ mice showed widespread, pronounced fibrosis in the bronchi; in some poorly repaired areas, aberrant epithelial tubes formed within the fibroproliferative lesions (Fig. 3G) . In contrast, A/J mice had little or no airway fibrosis, and at day 7 the bronchi were evenly lined primarily with a pseudostratified epithelium, although abnormal pluristratified epithelium was observed in some areas (Fig. 3H) .
Reticulin staining was used to visualize the effects of chlorine exposure on the basement membrane in lobar bronchi (Fig. 4) . Reticulin staining in unexposed mice revealed a dense, compact basement membrane with an additional thin layer of staining beneath the smooth muscle (Fig. 4, A and B) . In chlorine-exposed FVB/NJ mice, denuded areas 1 day after Fig. 1 . Lung function and survival in chlorine-exposed FVB/NJ mice. Mice were exposed to chlorine, and respiratory system resistance (Rrs) at baseline and in response to inhaled methacholine was analyzed at multiple times after exposure. One group of unexposed mice was measured; the same data were plotted in each graph for ease of comparison with exposed mice. Values are means Ϯ SE (n ϭ 3-6 mice per group); methacholine dose-response curves were significantly different (P Ͻ 0.05) between chlorine-exposed and unexposed mice at each time point. Lethality data are shown as the percentage of remaining animals that died during each time period. Mice were exposed to chlorine, and airway reactivity to inhaled methacholine was measured 7 days after exposure. Values are means Ϯ SE (n ϭ 6 -10 mice per group); a methacholine dose-response curve for chlorine-exposed FVB/NJ mice significantly different (P Ͻ 0.05) from FVB/NJ unexposed. exposure exhibited abnormal reticulin staining characterized by loose, disorganized basement membrane (Fig. 4C) . Basement membrane structure was also disrupted by chlorine in A/J mice, but it was more compact and organized than in FVB/NJ mice (Fig. 4D) . In FVB/NJ mice 4 days after exposure, fibroproliferative lesions and disorganization of the basement membrane were evident in areas of poor epithelial repair (Fig.  4E) . In A/J mice, the reparative epithelium observed 4 days after exposure was associated with a basement membrane that had regained its organized structure (Fig. 4F) . Fibrotic lesions in FVB/NJ mice 7 days after exposure contained a network of diffuse reticulin-stained fibers but lacked the normal densely stained basement membrane structure (Fig. 4G) . In some areas, abnormal epithelial structures appeared to be growing into the airway lumen and these were associated with a densely stained basement membrane (Fig. 4H) . In A/J mice 7 days after exposure, the basement membrane was repaired and appeared similar to that in the unexposed A/J mice (Fig. 4I) .
Airway collagen deposition. Trichrome staining of longitudinal airway sections showed dramatic fibrosis in the larger intrapulmonary airways of FVB/NJ mice and the absence of fibrosis in smaller airways (Fig. 5A ). Lobar bronchi in FVB/NJ mice were consistently affected with fibrosis, and this anatomical site was targeted for subsequent analysis of airway repair and development of fibrosis. Trichrome staining of cross sections of lobar bronchi revealed extensive collagen deposition in areas of poor epithelial repair in FVB/NJ mice at day 7 following exposure compared with unexposed mice (Fig. 5, B and C). Chlorine inhalation resulted in little or no airway fibrosis in A/J mice (Fig. 5, D and E) . The extent of lung pathology was quantified by morphometric analysis, which showed a modest increase in subepithelial tissue in the bronchi of A/J mice at day 7 after exposure compared with the unexposed group (Fig. 6) . In FVB/NJ mice, a much larger increase in subepithelial tissue was observed, which was significantly different from unexposed mice and from chlorineexposed A/J mice. Fibrogenic lesions in FVB/NJ mice also showed staining for ␣-smooth muscle actin (not shown), indicating the presence of myofibroblasts within the fibrotic tissue. To further document chlorine-induced airway fibrosis in inbred mouse strains, hydroxyproline content of left lungs was analyzed. FVB/NJ mice exhibited increased hydroxyproline content 7 days after chlorine exposure [81.0 Ϯ 3.2 g hydroxyproline/left lung in chlorine exposed vs. 69.2 Ϯ 2.6 in unexposed (means Ϯ SE, n ϭ 5-6 mice/group, P Ͻ 0.05)], but A/J mice did not [67.6 Ϯ 2.3 g hydroxyproline/left lung in chlorine exposed vs. 66.6 Ϯ 1.2 in unexposed (means Ϯ SE, n ϭ 5-8 mice/group, not significant)].
Lavage fluid inflammatory cells. To investigate potential differences in inflammation between FVB/NJ and A/J mice, total and differential cell counts in lavage fluid 4 and 7 days after chlorine inhalation were analyzed. The number of neutrophils in lung lavage fluid from chlorine-exposed FVB/NJ and A/J mice was significantly higher than that in unexposed groups, and this neutrophil response peaked earlier in A/J mice (Fig. 7A) . Chlorine exposure resulted in increased numbers of lavage fluid macrophages in both strains at 7 days after exposure, but there was no significant difference between the strains (Fig. 7B) .
Bronchial epithelial repair in chlorine-exposed mice. Bronchial epithelial repair after chlorine exposure was investigated by dual staining to detect EdU-labeled proliferating cells in conjunction with epithelial cell markers [K5 (Fig. 8) and K14 (Fig. 9 ) for basal cells, CCSP (Fig. 10) for Clara cells, and AcTub (Fig. 11) for ciliated cells] . In unexposed FVB/NJ mice, the lobar bronchi contained only a few scattered basal cells as revealed by K5 immunostaining (Fig. 8A) . In contrast, unexposed A/J mice contained more abundant basal cells in lobar bronchi (Fig. 8B ), although at lower density than in the trachea (not shown). Morphometric analysis confirmed a significantly higher volume of K5-expressing cells in A/J mice than in FVB/NJ mice in these airways (Fig. 12A) . In unexposed FVB/NJ and A/J mice, no K14-positive cells were found in the lobar bronchi in either strain (Fig. 9, A and B) . Clara (Fig. 10,   Fig. 4 . Effects of chlorine inhalation on epithelial basement membrane in mouse bronchi. FVB/NJ and A/J mice were exposed to chlorine, and lung sections collected from mice 1, 4, and 7 days after exposure were analyzed by reticulin staining. A and B are from unexposed mice, showing normal structure of dense, compact basement membrane underlying the bronchial epithelium (arrowheads) and a thin layer of reticulin fibers beneath smooth muscle (arrows). C and D are from mice at day 1 after exposure, showing a loose and disorganized basement membrane and massive detachment of bronchial epithelium (arrows in C) in FVB/NJ mice (C). In A/J mice, although the basement membrane is disrupted, it is more compact and organized than in FVB/NJ mice (arrows in D) (D). E and F are from mice at day 4 after exposure, showing disorganized basement membrane in FVB/NJ mice (E) and repaired dense basement membrane in A/J mice (F). G and H are from FVB/NJ mice at day 7 after exposure, showing disorganized basement membrane, increased amount of reticulin fibers in the subepithelial area (G), and abnormal epithelial structures growing into the airway lumen (H). I is from an A/J mouse at day 7 after exposure showing repaired smooth and dense basement membrane. Bar in H represents 20 m for all panels. A and B) and ciliated (Fig. 11, A and B) cells were numerous and distributed throughout the epithelium. There was no significant difference in the amount of staining for these markers between unexposed FVB/NJ and A/J mice (Fig. 12, C and D) . In the bronchial epithelium and subepithelial area, few or no proliferating cells were observed, as indicated by staining for EdU (Figs. 8 -11, A and B) .
Chlorine exposure resulted in widespread death and sloughing of the epithelium observed 1 day after exposure; remaining epithelial cells, which were sparse in FVB/NJ and more abundant in A/J mice, expressed K5 (Fig. 8, C and D) . The volume of K5-positive basal cells was significantly higher in A/J than FVB/NJ mice at this time (Fig. 12A) . At day 1 after exposure, K14-positive cells were still not observed (Fig. 9, C and D) , and proliferating cells were rare. CCSP and AcTub staining were also not observed in surviving epithelial cells at this time (not shown).
At day 4 after chlorine exposure, the abundance of K5 and K14 staining increased in A/J mice (Figs. 8F and 9F) and was higher than in FVB/NJ mice (Figs. 8E, 9E, 12A, and 12B) . Moreover, significantly more EdU staining in epithelial cells was observed in A/J than FVB/NJ mice (Fig. 13A) , indicating more active epithelial proliferation and regeneration in A/J mice. In FVB/NJ mice, abundant proliferating cells were observed in the subepithelial area, consistent with the fibroproliferative lesions observed by hematoxylin and eosin staining. In repairing A/J airways, proliferating cells were strongly associated with K5 staining, since 83% of EdU-stained nuclei were in K5-stained cells (Fig. 13A) . In FVB/NJ airways, only 53% of EdU-stained nuclei were in K5-stained cells. Similar to day 1 after chlorine exposure, Clara (Fig. 10, C and D) and ciliated cells (Fig. 11, C and D) were scant in both FVB/NJ and A/J mice at day 4 after exposure (Fig. 12, C and D) .
At day 7 after chlorine exposure, K5 and K14 staining decreased in A/J mice compared with day 4 (Figs. 8H and 9H ). This correlated with increases in CCSP (Fig. 10F) and AcTub (Fig. 11F ) staining that were lower than normal but returning toward normal values (Fig. 12, C and D) . In FVB/NJ mice, although few or no K5-or K14-stained cells were observed in the areas of poorly repaired airways, staining for these basal cell markers, especially K14, increased in other less severely injured areas compared with day 4 (Figs. 8G and 9G ). K5-and K14-stained cells were also obvious within aberrant epithelial tubes that formed within fibrotic airways. Moreover, very little CCSP (Fig. 10E) and AcTub (Fig. 11E ) staining was observed in FVB/NJ mice, and this was significantly less than in A/J mice (Fig. 12, C and D) . At day 7 after exposure, epithelial cell proliferation was low in A/J mice and was higher in FVB/NJ mice (Fig. 13, C and D) . In the subepithelial area in FVB/NJ mice, proliferating cells were still observed (Figs. 8G, 9G, 10E , and 11E), consistent with the continued growth of fibrotic lesions.
DISCUSSION
Chlorine is considered a chemical threat agent, and human exposures leading to lung injury have occurred as a result of industrial accidents, train derailments, and intentional releases (9, 17, 33, 41, 43) . Animal models, in which lung injury and repair following chlorine exposure can be systematically examined, are useful for investigating repair mechanisms and treatments for injury (44) . A hallmark of chlorine exposure that has been demonstrated in mice and rats is damage to the airway epithelium (7, 10, 21, 24, 35, 39, 40) . Previous studies have shown that epithelial repair following chlorine exposure occurs over the time frame of 1-7 days (7, 10, 25, 39, 40) . Chlorine exposure produces changes in lung function, including altered airway resistance, elastance, and reactivity to methacholine (7, c P Ͻ 0.01 vs. corresponding unexposed; d P Ͻ 0.05 vs. corresponding unexposed. 10, 13, 24, 26, 35, 40) . These changes are complex and appear to depend on the dose of chlorine as well as the species and strain of the animal. In the present investigation, we developed a model in which the repair of injured airways was investigated in inbred mouse strains that exhibited differential responses to chlorine exposure. The study of the efficient repair process in A/J mice in contrast with the inefficient repair in FVB/NJ mice provides insights into factors that govern the restoration of lung structure and function after injury.
Chlorine inhalation in both A/J and FVB/NJ mice resulted in severe damage to the tracheobronchial epithelium, as evidenced by the detachment and sloughing of epithelium and the absence of Clara and ciliated cells. However, the subsequent response to this airway injury differed substantially between the two strains. On the day after chlorine exposure in A/J mice, damaged airways were lined with a thin layer of K5-expressing cells, indicating that surviving basal cells had spread to cover the lumen of the injured airways. By day 4 after exposure, A/J mice showed a proliferating, pluristratified epithelium that contained cells expressing basal cell markers but was still devoid of Clara and ciliated cells. A pseudostratified epithelium containing basal, Clara, and ciliated cells was observed on day 7, and proliferation had largely ceased by this time. In FVB/NJ mice, chlorine inhalation also caused severe epithelial damage, and on the day following exposure, the lumens of large airways had extensive areas devoid of epithelium. As K5 immunostaining of unexposed animals revealed significantly fewer basal cells in FVB/NJ than in A/J mice, the data suggest Fig. 8 . Dual fluorescence staining for 5-ethynyl-2=-deoxyuridine (EdU) and basal cell marker keratin 5 (K5). FVB/NJ and A/J mice were exposed to chlorine, and lung sections collected from mice 1, 4, and 7 days after exposure were analyzed by dual staining. Nuclei in proliferating cells are stained green (EdU staining) and K5 is stained red. Tissues were counterstained with DAPI (blue). Bar in H represents 20 m for all panels. Fig. 9 . Dual fluorescence staining for EdU and basal cell marker keratin 14 (K14). FVB/NJ and A/J mice were exposed to chlorine, and lung sections collected from mice 1, 4, and 7 days after exposure were analyzed by dual staining. Nuclei in proliferating cells are stained green (EdU staining) and K14 is stained red. Tissues were counterstained with DAPI (blue). Bar in H represents 20 m for all panels.
that the number of bronchial basal cells that survive chlorine exposure in FVB/NJ mice is insufficient to quickly recover the injured airway surface with epithelium. On days 4 and 7 after exposure, bronchial airways contained widespread patches still devoid of epithelium, and these were associated with the development of fibrotic lesions containing proliferating mesenchymal cells and collagen deposition. The fact that a period of delayed death was observed in FVB/NJ animals 7-10 days after exposure suggests that these lesions, at least in some animals, did not resolve at later times but continued to progress.
Multiple lines of evidence supported a role for basal cells in epithelial repair following chlorine inhalation, as has been shown for other agents that injure the bronchial epithelium (6, 31) . First, in A/J mice 1 day after exposure, injured airways were lined with squamous epithelium expressing the basal cell marker K5. This observation suggested that basal cells were more resistant to the toxic effects of chlorine than Clara and ciliated cells, so that some basal cells survived and spread to cover the damaged airways. The location of basal cells adjacent to the basement membrane may afford some protection from inhaled irritants, which would react initially with secretory and ciliated cells that extend farther into the airway lumen. Moreover, basal cells are anchored to the basement membrane through hemidesmosome attachments, thus preventing these cells from detaching easily (8) . Second, high rates of proliferation were observed in cells expressing the basal cell markers K5 and K14 in the reparative epithelium 4 days after exposure. These cells differed from normal basal cells in that they were larger, were generally cuboidal rather than pyramidal, and were not always in contact with the basement membrane. Although not formally demonstrated by lineage tracing, it is highly likely that these reparative cells are generated from basal cells because basal cells were the only epithelial cells detected at early times after exposure, the reparative cells expressed basal cell markers, and by analogy to other injury models (6, 31) . Third, the most pronounced difference in airway structure between unexposed inbred strains was the higher abundance of basal cells in the bronchial airways of A/J compared with FVB/NJ mice, which suggested a mechanistic basis for the increased susceptibility of FVB/NJ mice to chlorine-induced airway fibrosis.
The results of the present study are in general agreement with previous studies investigating the role of basal cells in epithelial repair after exposure to naphthalene or sulfur dioxide (6, 31) . Naphthalene is toxic to Clara cells and therefore injures airway epithelium from the trachea to the terminal bronchioles. In the Fig. 10 . Dual fluorescence staining for EdU and Clara cell marker Clara cell secretory protein (CCSP). FVB/NJ and A/J mice were exposed to chlorine, and lung sections collected from mice 4 and 7 days after exposure were analyzed by dual staining. Nuclei in proliferating cells are stained green (EdU staining) and CCSP is stained red. Tissues were counterstained with DAPI (blue). Arrows in C show detached epithelial cells, some of which retain CCSP immunoreactivity. Bar in F represents 20 m for all panels. trachea, concurrent loss of ciliated cells can also occur, which is postulated to be caused by loss of contacts with depleted Clara cells (6) . Repair of the tracheobronchial epithelium following naphthalene injury has been shown to be carried out by basal cells, which act as facultative progenitor cells that proliferate to restore the epithelium and have the capacity to produce basal, Clara, and ciliated cells (6) . Chlorine inhalation differs from naphthalene exposure in that chlorine is toxic to all cells as opposed to the restricted toxicity of naphthalene. However, both types of exposures can result in injured airways that contain predominantly basal cells (caused by resistance of basal cells to chlorine injury or by specific Clara cell injury by naphthalene coupled with consequent ciliated cell loss). For this reason, repair processes for regenerating the pseudostratified epithelium from residual basal cells in the two models may be similar. Repair of the tracheobronchial epithelium following naphthalene treatment should be more efficient, since the injured airways have a full complement of basal cells, whereas chlorine exposure may kill a proportion of these cells. Sulfur dioxide inhalation is similar to chlorine exposure in that it can damage all types of airway epithelial cells. Sulfur dioxide exposure resulted in damage and sloughing of tracheal epithelium, and lineage tracing was used to show that basal cells repaired the epithelium by the production of Clara and ciliated cells (31) .
The inbred mouse strains with differential responses to chlorine inhalation represent a model in which mechanistic connections between epithelial loss, the development of fibrosis, and airway hyperreactivity can be investigated. Epithelial damage, particularly chronic injury that results in loss of basement membrane integrity, has been implicated as a trigger for the development of fibrosis (36) . Loss of type II alveolar epithelial cells has been postulated as an initiating event in idiopathic pulmonary fibrosis (34) . Chronic injury to bronchiolar epithelium, for example in transplanted lungs, is thought to trigger bronchiolitis obliterans (38) . More definitive evidence for this concept comes from experiments in which Clara cells were ablated in adult mice by inducible expression of a diphtheria toxin transgene. Transgene induction for 10 days led to extensive Clara cell loss, and airway fibrosis was observed when lungs were examined 19 wk later (29) . A similar phenomenon was observed in chlorine-exposed FVB/NJ mice, in which airways that had a poorly repaired epithelium developed fibrosis. The fibrogenic response in chlorine-exposed mice was rapid, with pronounced growth of fibrotic lesions surrounding and within the airways by 7 days after exposure. The mechanisms by which epithelial cell loss triggers fibrogenesis are unclear. Epithelial cells, either through interaction with the extracellular matrix or through secreted factors, typically repress the growth of fibroblasts (3, 27, 36) . Loss of these repressive signals following epithelial damage may then allow the growth of fibroblasts to occur unchecked. Inflammatory cells, such as macrophages and neutrophils observed in airways of chlorine-exposed FVB/NJ mice, also have the capacity to secrete profibrotic cytokines and growth factors (12) .
The structural changes in the airways of mice susceptible to chlorine-induced airway fibrosis were associated with alterations in lung function. FVB/NJ mice that developed airway fibrosis 7 days after chlorine exposure showed a small increase in lung resistance at baseline and a large increase in reactivity to inhaled methacholine. The timing of the delayed airway hyperreactivity coincided with the development of airway fibrosis. Theoretical models have shown that thickening of the inner airway wall or the peribronchial layer (both of which were observed in chlorine-exposed FVB/NJ mice) can lead to pronounced airway hyperreactivity, even with remodeling that produces only a modest increase in baseline resistance (28) . Thus the data in chlorine-exposed FVB/NJ mice fit well with theoretical considerations regarding predicted physiological effects of the histological observations. Data from human studies suggest that related abnormalities may occur in individuals with irritant-induced asthma caused by an acute exposure to high levels of an irritant gas. A study of patients with acute irritant-induced asthma (over half of whom had disease that was attributed to chlorine exposure) found that respiratory symptoms such as wheezing and dyspnea continued to be present when assessed at a mean duration of 12 years after diagnosis (23) . These patients had impaired lung function evidenced by reduced FEV 1 , which did not improve over the course of the follow-up period. Pathophysiological studies have suggested that chlorine exposure can result in airway fibrosis and that patients with acute irritant-induced asthma caused by chlorine exposure may have a greater extent of airway fibrosis than nonasthmatic or other types of asthmatic subjects. Subepithelial thickening indicative of airway fibrosis has been reported in multiple studies in bronchial biopsies from patients who developed irritant-induced asthma after chlorine exposure (1, 4, 11, 37) . Patients with irritant-induced asthma appear to have more pronounced subepithelial thickening of the airways and less reversibility of airway obstruction with bronchodilator treatment compared with patients with other forms of occupational asthma (1, 11, 37) . Subepithelial fibrosis was found to be associated with airway hyperreactivity to inhaled methacholine (1, 37) . These studies are in accord with our observations that mice develop airway fibrosis and hyperreactivity following chlorine inhalation and epithelial injury.
Most victims of chlorine poisoning, even those who are exposed to high levels of the gas, recover normal lung function (17, 43) . However, there appears to be a subset of exposed individuals who experience chronic impairment of pulmonary function, which may include airway hyperreactivity, airway obstruction, or decreased residual volumes (1, 18, 23, 33) . These observations suggest that there are interindividual differences in responses to irritant gas exposure that are under genetic control. This concept is supported by work identifying in mice genetic differences that affect susceptibility to acute lung injury caused by inhalation of toxic industrial chemicals (19, 20, 30) . Likewise, we identified differences between inbred mouse strains in their susceptibility to chlorine-induced airway fibrosis. A clear phenotypic difference between the strains was the greater abundance of basal cells in the bronchi of A/J mice, which correlated with more efficient epithelial repair, compared with FVB/NJ mice. Studies investigating the genetic basis for differential susceptibility to chemical-induced acute lung injury in inbred mouse strains have typically revealed that this phenomenon is under the control of multiple genes (19, 20, 30) . Thus other genes, such as those controlling antioxidant defense, inflammatory responses, intracellular signaling, and cellular proliferation, are likely to differ between A/J and FVB/NJ mice and contribute to susceptibility to chlorine-induced lung injury. The studies presented here identify a model for investigating fibrogenesis resulting from epithelial injury and identify a novel phenotypic marker that may potentially affect recovery from chlorine-induced lung injury. 
